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Abstract
Context : The formation of the Galactic Bulge is a topic of active research. There are
many scenarios based on observations and Galactic evolution models. The key properties
which need to be well constrained observationally are the metallicity distributions of stars
and the spatial metallicity gradients. The metallicity distribution of stars in the inner
Galactic Bulge (|b| < 4◦) is a subject of ongoing debate, with only a few spectroscopic
studies based on small samples of stars. Many studies in the literature reported a narrow
metallicity distribution, with one study which concluded a lack of a vertical metallicity
gradient in the innermost regions (Rich et al. 2012). However, new studies from large scale
surveys (Schultheis et al. 2015) are beginning to challenge this with larger dispersions in
the metallicity distributions reported. These large scale surveys utilise automated pipelines
to analyse spectra, which are known to have issues. As such, one would like to investigate
and validate the reported results.
Aims : Due to the large discrepancy in reported metallicity distribution in the inner
Bulge and the challenging nature of spectral analysis (due to high extinction and cool
effective temperatures), the stellar samples from two opposing studies (Rich et al. 2012;
Schultheis et al. 2015) will be re-analysed to present a homogeneous dataset of stars in
the inner Galactic Bulge. A benchmarked line by line analysis method would be used to
determine the metallicities of the stars. One would also like to compare the results to those
reported in an automated pipeline method, given there are known calibration issues with
metallicities.
Method : A set of iron lines were benchmarked against the Sun, Arcturus, and a sample
of 96 high SNR stars using spectra in the near infrared (H-band). The iron lines which
were found to produce accurate abundances were utilised to determine the metallicity of
the inner Galactic Bulge stars. This was conducted by the fitting of synthetic spectra to
the observed spectra within the program Spectroscopy Made Easy (SME), which employs
a χ2 minimisation algorithm to determine parameters.
Results : The determined metallicities for the Schultheis et al. (2015) sample were within
∼ 0.2 dex of the reported values. Both of the metallicity distribution were dominated by a
peak at ∼ −0.2 dex. The reported APOGEE values also show a bump in the distribution at
∼ −0.8 dex, but is absent in the distribution based on the metallicities determined in this
study. Preliminary tests on the Rich et al. (2012) sample gave large discrepancies between
the synthetic and observed spectra. Investigation on the cause of this is still ongoing and
hence no meaningful metallicities could be determined.
Conclusions : Overall, we corroborate with APOGEE on the result of a large spread
in the metallicity distribution. However, some deviations are found at the metal poor
([Fe/H] ≤ −1.0dex) and metal rich ([Fe/H] > 0.1dex) end of the distribution, depending
on the methodology. Considering the low sample size and uncertainties, the presence of
a metal poor population ([Fe/H] ∼ −1.0dex), as claimed in Schultheis et al. (2015), is
weakened based on the results of this study.

Popula¨rvetenskaplig beskrivning
Sedan ma¨nsklighetens bo¨rjan har det alltid funnits de som dragits till natthimlen och
fo¨rundrats o¨ver vad som kan finnas bortom det mo¨rkaste av mo¨rker. Funderingarna om
att vi ma¨nniskor endast a¨r en del av n˚agot mycket sto¨rre bo¨rjade gro ordentligt i samband
med teleskopet som verktyg, och na¨r personer som Galileo Galileis och William Herschels
bo¨rjade observera himlen med nya tekniker. Det visade sig till slut att de ora¨kneliga
antal stja¨rnor som de observerade utgjorde ett diskliknande system, det vi idag kallar
Vintergatan, v˚ar galax.
En av de mest fa¨ngslande fr˚agorna som uppst˚att efter denna uppta¨ckt a¨r ”Hur blev
Vintergatan till?”. Denna fr˚aga har fascinerat astronomer sedan l˚angt tillbaka i historien.
Trots flera a˚rhundrande av forskning och fo¨rso¨k att besvara fr˚agan a¨r det fortfarande ett
va¨l studerat a¨mne. Det finns ma˚nga teorier om mo¨jliga mekanismer som ligger bakom
Vintergatans tillblivelse men trots detta har vi a¨nnu inte en fullsta¨ndig bild. Det ha¨r
projektet har som ma˚l att kunna bidra till att besvara fr˚agan, detta genom att anva¨nda
stja¨rnor i den inre ”utbuktnigen”, eller som det heter p˚aengelska ”Bulge”, fo¨r att finna
begra¨nsningar i de teoretiska modellerna om hur Vintergatan formades.
Utifr˚an observationer kan man dela in Vintergatan i komponenter, s˚asom ”the Disc”,
”the Halo” och ”the Bulge”. The Bulge a¨r sa¨rskilt intressant eftersom extragalactic studier
visar att inte alla galaxer har liknande strukturer och da¨rfo¨r kan sakna en ”Bulge”. Hur
det kommer sig att Vintergatan har en ”Bulge” a¨r fortfarande inte utrett, fo¨r att besvara
det beho¨vs fler observationer av de inre regionerna av galaxens centrum.
Dock a¨r observationer med hja¨lp av optiskt ljus sv˚ara att genomfo¨ra p˚agrund av den
stora ma¨ngden gas och damm som finns i the Bulge som absorberar ljuset. Inte fo¨rra¨n
nyligen har nya tekniker gjort det mo¨jlig att go¨ra observationer med infraro¨tt ljus, som
enkelt kan fa¨rdas genom gas och damm s˚aatt spektroskopi kan go¨ras.
Spektroskopi a¨r en metod da¨r man avgo¨r ett material eller provs kemisk sammansa¨ttning
genom att anva¨nda ljus. P˚aliknande sa¨tt som ett prisma sprider ljus i olika fa¨rger,
fungerar spektroskopi genom att man splittrar ljuset genom ett prov och observerar de
olika v˚agla¨ngderna som ljuset har.
Na¨r fotoner skapas i en stja¨rna genom nuklea¨r bra¨nning ma˚ste de fara genom stja¨rnans
alla lager innan de kan observeras. Under tiden kan fotonerna bli absorberade av a¨mnen
som skapas i en nuklea¨r fusion, men bara vid sa¨rskilda v˚agla¨ngder. Dessa absorptioner
la¨mnar distinkta mo¨nster i observationerna som kan liknas vid fingeravtryck och p˚as˚asa¨tt
kan man avgo¨ra strukturers kemiska sammansa¨ttning utifr˚an vilka v˚agla¨ngder som kan
observeras. Genom att experimentera med ett flertal a¨mnen i ett laboratorium och hitta
v˚agla¨ngdsfingeravtryck och sedan ja¨mfo¨ra med observationer kan man avgo¨ra vilka a¨mnen
som bygger upp en stja¨rna. Genom att ta reda p˚avilka kemiska sammansa¨ttningar som
bygger upp stja¨rnor inom en region kan vi bo¨rja fo¨rst˚ahur dess stja¨rnor en g˚ang blev till.
Detta a¨r ett avgo¨rande steg fo¨r att fo¨rst˚ahur the Bulge, och senare Vintergatan, skapades.
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Chapter 1
Introduction
1.1 Background
Since the discovery of galaxies, particularly the number of galaxies outside of the Milky
Way, one of the most pressing question to follow was their composition, morphology and,
of course, their formation and evolution. Their prevalence within the Universe led to the
topic of galaxy formation becoming one of the most active fields of research within the
last half century. This is thanks to the increase in technological capabilities in terms of
taking observations and simulations via computational methods. The combination of the
two approaches are absolutely essential for progress; modelling galaxies can provide insight
into the underlying physics in formation mechanisms whilst observations not only constrain
galactic parameters, but can lead to discoveries in terms of structure or composition.
In terms of studying the formation and evolution of galaxies via observations, one could
either study extragalactic galaxies or the Milky Way. Extragalactic observations have the
advantage of observing multiple samples of different types/morphology of galaxies, which
not only surveys the possible/most probable configuration of galaxies, but also allows
statistical analyses of various properties and features of galaxies. Moreover, observing
multiple galaxies at different redshifts to give context to the formation environment for
galaxies at different epochs of the Universe. However, due to the scale of separation of
such external galaxies to Earth, technology limits the precision and amount of information
that can be gathered from observations. Whilst useful information such as the size of
the bulge in spiral galaxies can be extracted, the level of detail which can be examined is
severely limited. In particular, the inability to resolve individual stars within the galaxies
means very little can be inferred on its composition. This leaves little insight on the
present stellar populations to determine possible formation mechanisms of the galaxy. On
the contrary, the Milky Way, a typical spiral galaxy, provides an unique opportunity to
study a galaxy with great detail due to our proximity. With the ability to study individual
stars within the Galaxy in great detail, samples of stellar populations within different parts
of the Galaxy could be analysed to infer the chemical evolution and formation timescales
of the Galaxy (Scho¨nrich & Binney 2009; Magrini et al. 2017), which is essential to build
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a complete picture of how the Milky Way came to be how it is today. This method of
evaluating stars as fossil records within the Milky Way is known as galactic archaeology
(Freeman & Bland-Hawthorn 2002).
Focusing towards Galactic studies, a major observational advantage of the Milky Way’s
proximity is the possibility to measure detailed abundances of stars from spectra of indi-
vidual, and many, stars. This together with detailed mapping of the kinematics of the stars
are the main inferred parameters that can be observed. Photometry of large samples also
give large insight to the properties of stellar populations, but detailed abundances are a
key parameter. To this end, there exists models which utilize chemical properties of stellar
populations, such as their metallicities and elemental abundances, to trace the evolution
of stellar populations (see Matteucci 2003). These models, known as galactic chemical
evolution models, relies upon the idea that initially only light elements were created from
the Big Bang (hydrogen, helium, and small amounts of lithium, beryllium and boron).
The majority of heavier elements from carbon and above are the products of stellar nucle-
osynthesis as stars form and evolve (Nomoto et al. 2013). The process of fusion produces
elements up to iron, whereas heavier elements have to rely upon neutron capture, explosive
nucleosynthesis, and hydrostatic processes which can occur in cataclysmic events such as
supernovae (such as Type Ia and Type II). From these events the surrounding gas will be-
come enriched with heavier elements from which the next generation of stars will be born,
hence encoding the chemical composition of their birth environment. Coupling the initial
formation environment with information of stellar nucleosynthesis (i.e. the allowed nuclear
reactions within different types of stars) a successful model should be able to reproduce
the observed present day chemical abundances and trends with metallicity (and ages) of
the stars.
Of course, the star formation history of the Galaxy must also be accurately accounted
for in order to reproduce the chemical properties of the stellar populations observed. It is
common to parametrise the star formation history as two separate functions: Initial Mass
Function (IMF) and Star Formation Rate (SFR). The IMF describes the distribution of
stars which form as a function of their initial mass at birth. The SFR determines the rate at
which gas and material collapse to form stars within a galaxy, galactic structure, or stellar
population. These parametrisations indicate the star formation history to be a function
of the mass of gas and timescale of gas infall as well as the efficiency of star formation,
as a function of time. Whilst not necessarily the most accurate, the parametrisation
still embodies the physical aspect of star formation in a galaxy, hence SFR and IMF
are commonly used as properties to describe galaxies in topics of galaxy formation (see
Matteucci 2016).
The initial conditions at the birthplace of stars may differ in chemical composition which
lead to distinct stellar populations within the Galaxy. By probing stellar populations to
determine the distribution of certain elements within the Galaxy, it can provide insights
into possible formation mechanisms in the Galactic past. This can be achieved through
spectroscopy, the technique of dispersing incoming (star)light via diffraction to observe
absorption at specific wavelengths, being signatures of specific elements. These absorption
lines can provide their elemental abundances across a spectrum. By analysing the spectrum
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from stars sampled from various stellar populations, the chemical distribution not only
provides insight into the formation of certain parts of the Galaxy, but can also constrain
the galactic parameters of SFR and IMF via abundance trend plots i.e. [X/Fe] vs [Fe/H]
plots (see McWilliam 1997).
In the grand scheme of Galactic archaeology, the Galactic Bulge is a significant area
of study, with ∼30% of total stellar mass in the Galaxy (Bland-Hawthorn & Gerhard
2016). As such, the formation scenario of the Bulge is an ongoing topic of active research.
One of the main challenges of studying the Bulge is the high extinction in the optical
wavelengths, due to the high amounts of dust. This has prevented detailed observations
into the stellar populations of the Bulge for much of the past, with observations made
only at areas of relatively lower extinction e.g. Baade’s window. However, with the recent
increase in technological capabilities, particularly advancements in infrared observations,
the veil of extinction is steadily being lifted, since the extinction of light decreases rapidly
the longer the wavelength (Cardelli et al. 1989). Thanks to the increase in activities and
observations (Hill et al. 2011; Bland-Hawthorn & Gerhard 2016; Rojas-Arriagada et al.
2017), the picture of Bulge formation has diverged from the classical ”fast” merger driven
formation scenario (Elmegreen 1999) to the idea of ”slow” secular evolution where the
Bulge naturally forms from dynamical evolution of the stellar disc (Combes & Sanders
1981; Kormendy 2013).
Although the formation scenario is still debated, with the possibility of a combination of
both mechanisms, an important quantity to shed light upon this question is the metallicity
distribution of the Bulge and its variability. It is well known that there exists a clear
gradient in metallicity (Zoccali et al. 2008; Johnson et al. 2011; Ness et al. 2013) from
Galactic latitudes of −4◦ and outwards. This has initially been interpreted as evidence
for a classical bulge formed via a merger scenario (Pipino et al. 2008). On the other
hand, simulations from Di Matteo et al. (2014) have shown that despite mixing from the
Galactic bar, a similar metallicity gradient can emerge from a secular evolution scenario
depending on the initial gradient. Large scale spectroscopic surveys have revealed the
Bulge to contain multiple populations of stars, with Rojas-Arriagada et al. (2014) finding
two stellar populations (a bimodal distribution of metal rich and metal poor stars), to Ness
et al. (2013) attributing five distributions to three components (a separate thin and thick
boxy/peanut Bulge and the inner thick disc).
1.2 Motivation
It is clear that the existence of a metallicity gradient has significant implications in terms
of the Bulge formation scenario. But in term of existing surveys and observations in the
inner Galactic Bulge (|b| < 4◦), there is a lack of observations in comparison. There only
exist a few high-resolution spectroscopic investigations, which are needed for a detailed
abundance analysis. Figure 1.1 shows the level of extinction observers are faced with
towards the Galactic centre. At the very centre of the Galaxy, which are based on very
challenging observations (with optical extinction in areas of 30-100 magnitudes), there are
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Figure 1.1: A map of the optical extinction (based on Cardelli et al. 1989) as a function of
the Galactic coordinate (taken from Jo¨nsson et al. 2017). Several previous studies in the
Bulge haven been marked on the map. The outline of the Galactic Bulge was based on the
COBE/DIRBE study (Weiland et al. 1994).
indications of a narrow super-solar (in metallicity) population (Cunha et al. 2007; Ramı´rez
et al. 2000). Between the Galactic plane and Baade’s window there is evidence for a
sub-solar population with moderate dispersion Rich et al. (2012). More recent studies
show a broader distribution (Ryde & Schultheis 2015) and even evidence for a metal-poor
population close to the centre (Schultheis et al. 2015) and even in the nuclear structures
(Do et al. 2015; Ryde et al. 2016).
The study by Rich et al. (2012) presented metallicities of stars at two fields within
the inner Galactic Bulge, (l, b) = (0◦,−1.75◦) and (1◦,−2.65◦). The mean metallicities
were found to be 〈[Fe/H]〉 = −0.16 ± 0.03 dex and 〈[Fe/H]〉 = −0.21 ± 0.02 dex with 1σ
dispersion of ∼ 0.1 dex for both fields, respectively. By collating the results with previous
studies (Rich & Origlia 2005; Rich et al. 2007), which observed at different fields (galactic
latitudes), they conclude a lack of a significant metallicity gradient in the inner Galactic
Bulge. This study has been cited in the literature as evidence for a lack of metallicity
gradient in the inner Galactic Bulge.
More recently, Schultheis et al. (2015) utilized observations from the APOGEE survey
(DR12) to select stars centred around the position (l, b) = (0.173◦,−0.07◦). From the
sample they found a bimodal metallicity distribution peaking at [Fe/H]∼0.4 dex and ∼-1.0
dex, with a much larger dispersion (∼ 0.55 dex). The discrepancy between the metallicity
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distributions of the two studies is too high to be explained by uncertainties. Clearly the
metallicity distribution in the inner Galactic Bulge is still unclear and requires further
investigation, which this study wishes to contribute to.
It is known there are metallicity calibration issues with the APOGEE DR12 results,
specifically at lower metallicities (Holtzman et al. 2015). The automatic pipeline employed
by APOGEE to determine stellar parameters and chemical abundances(ASPCAP) utilise a
”global” fitting of spectra, where essentially the whole spectrum is used in the analysis. Of
the sample of K & M giants observed from Rich et al. (2012) most had low effective temper-
atures (Teff ≤ 3600K), which can be challenging to determine abundances. The reported
abundances were determined by calculating equivalent widths of selected lines within the
spectra. Although both methods work well in general, for cool stars (i.e. Teff < 4000K)
it can become problematic due to the prevalence of strong absorption lines, which are
sensitive to the microturbulence parameter and less so to the abundance. At low effective
temperatures, molecular features start to become prominent and prevalent throughout the
spectra.
Given the challenging nature of the observations, this project aims to contribute to the
ongoing debate by re-analysing the spectra from both Rich et al. (2012) and Schultheis
et al. (2015). This study will use a benchmarked, line by line method to determine the
metallicity of the selected samples based on selected iron absorption lines, with the overall
objective to create a homogeneous set of approximately sixty stars from the inner Galactic
Bulge.
1.3 Theory
In order to determine abundances based on spectroscopy, it is important to first understand
the underlying physical mechanisms which allow for spectra to form. Only then can one
fully appreciate the method of extracting chemical information of stars through spectra.
This section will briefly introduce the theory of spectra formation before focusing on the
theory of abundance analysis in greater detail.
1.3.1 Spectra Formation
This section will give a general, qualitative summary on the physical process of forming
absorption lines to create spectra. The process of forming spectral lines from a star nat-
urally requires knowledge on radiative transfers, which can be found in detail from Gray
(2005). However, the fundamental concept can be attributed to the interactions between
photons and atoms via atomic/quantum processes. In terms of the propagation of photons
from a star, they are created well within the star through nuclear burning. The internal
structure is highly dense and opaque, leading to a short mean free path compared to the
size the star. This means the photons have a high probability (cross-section) to become
scattered or absorbed and re-emitted by atoms before reaching the photosphere (where it
can finally escape). It is these atomic interactions in the photosphere which are responsible
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for forming emergent spectra. Typically these interactions can be split into three types:
bound-bound interactions (excitation and relaxation), where the photon is absorbed and
excites an electron to a higher energy state and vice versa; bound-free interactions (ion-
ization and recombination), where the absorbed photon overcomes the work function and
removes an electron from the atom; and free-free interactions (scattering), where particles
can become deflected due to another charged particle. The bound-free and free-free inter-
actions with hydrogen are the biggest contributor to the continuous spectrum, whilst the
bound-bound process is responsible for the spectral lines of different elements. Of course,
the features of the final spectrum observed, particularly the spectral lines, also depend on
the physical state of the stars itself, properties that can be defined by the fundamental stel-
lar parameters: effective temperature (Teff ), surface gravity (log g), metallicity ([Fe/H]),
microturbulence (ζmicro), and alpha over abundance ([α/X]).
1.3.2 Abundance Analysis
When discussing the chemical abundance of elements, it is important to remember the
context in which the numbers are quoted. The convention of reporting abundances is
usually in the form
[Fe/H] = log10
(
nFe
nH
)
star
− log10
(
nFe
nH
)
Sun
, (1.1)
where n is the number of particles per unit volume. Due to the use of logarithms, there
are no physical units for the abundances, but a pseudo-unit of ”dex” is commonly used
when comparing abundances.
As mentioned, the formation of absorption lines is due to atomic transitions. These
transitions can only occur at specific energies which require photons of particular wave-
lengths. Naturally, if there are more particles of a certain element within a star, there
is a higher probability of interactions with photons of specific wavelengths. This implies
that the mean-free-path will be smaller and the emergent photons at that wavelength
will emanate from shallower layers where the temperature is lower, hence the amount of
absorption in the spectrum appears directly correlated to the abundance of the element.
However, there are other effects within the star which also contribute to the profile of the
absorption line, and must be accounted for to obtain accurate abundances. One of these
effects is the broadening of absorption lines, where the width of the spectral line profile in-
creases. The equivalent width is a way to quantify the strength of a line, and encompasses
several physical effects which contribute to the shape of a spectral line. It is defined as a
rectangular area which is equivalent to the area enclosed within a spectral line from the
continuum (see Figure 1.2).
An illustrative case is that where the line is weak and not yet saturated, an approxi-
mation can be made to give the ”weak line approximation”:
log
(
W
λ
)
= logC + logA+ log gfλ− θexχ− log κν , (1.2)
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Figure 1.2: The definition of the equivalent width of an absorption line. The black line
denotes the continuum of the spectrum. The blue curve denotes the absorption line of
interest. The red rectangle defines the equivalent width of the absorption line.
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where W is the equivalent width, λ is the wavelength of the line, C is a constant depending
on stellar parameters, A is the abundance of the element (w.r.t hydrogen), gf is the
product of the (quantum) oscillator strength and the corresponding statistical weight,
θex = 5040/Tex i.e. a function of the excitation temperature, χ is the excitation potential,
and κν is the continuous opacity (see p389, Gray 2005). Equation 1.2 gives a direct relation
between the equivalent width, which can be measure from observed spectrum, and the
abundance of the element, providing there is knowledge on the other parameters.
To determine the threshold for which Equation 1.2 holds true, one can examine the
so-called ”curve of growth”. Figure 1.3 plots the equivalent width per wavelength as a
function of abundance, which, surprisingly, is not a linear function (in log-log space).
The plateauing experienced at intermediate abundances is known as saturation, where the
relation of increasing abundance to increase equivalent width begins to break down. At this
region, the onset of saturation is highly sensitive to the microturbulence of the star due to
its broadening effects. Microturbulence is an artificial stellar parameter which compensates
for the non-thermal motion of particles within the line-forming regions of the star. Due to
its broadening effects at the threshold of saturation, the microturbulence must be included
in abundance analysis.
In practice, one must model the stellar photosphere to create synthetic spectra. These
synthetic spectra should incorporate the aforementioned stellar parameters to infer values
for logC and log κν in Equation 1.2. Atomic and molecular data must also be comprehen-
sive and accurate too, as uncertainties in log gfλ or θexχ will directly translate to errors
in abundances. Only when these parameters are determined can the synthetic spectra be
compared to the observed spectra in a meaningful way to determine abundances.
12
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Figure 1.3: The curve of growth as a plot of the equivalent width as a function of the
abundance. ξ is the microturbulence parameter which can significantly affect the equivalent
width of a saturated line. Figure reference: p395, Gray (2005)
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Chapter 2
Analysis
This chapter will introduce the work environment for spectral analysis in detail, as well as
the samples of stars used in this study.
2.1 SME
Spectroscopy Made Easy (SME, Valenti & Piskunov 1996) is a spectroscopy analysis pro-
gram which builds synthetic spectra of stars to fit to observed spectra. It creates synthetic
spectra based on stellar atmosphere models and atomic data as well as initial conditions
for stellar parameters. The fitting procedure modifies the stellar parameters by using χ2
as a goodness-of-fit indicator. The χ2 is calculated based on the fit of synthetic spectra to
observations, and once it is minimised the abundances can be calculated.
2.1.1 Model Atmosphere
In order to produce accurate synthetic spectra the environment of the stellar photosphere
must be calculated. Given the spectral type of the stellar samples (i.e. K-M giants),
the MARCS model of stellar atmosphere (Gustafsson et al. 2008) was utilized. MARCS
assumes the stellar atmosphere is:
• Hydrostatic
• In Local Thermal Equilibrium (LTE)
• In chemical equilibrium
• Homogeneous
• Conserving total flux (radiative and convective)
For our giant stars, an assumption of spherical geometry is significant as opposed to the
plane-parallel geometry due to the type of the stellar sample; the low surface gravity of the
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giants means the plane-parallel assumption no longer holds. In terms of the dimensionality
of the model, it is known that stars are not hydrostatic balls of gas but are turbulent in the
envelopes. This would require a three dimensional approach to accurately model the line
formation and resultant spectra. By only considering one dimension, there can be potential
departures in the results from three dimensional models, but results from Bergemann et al.
(2012); Cˇerniauskas et al. (2017) showed that abundances determined between 1D and 3D
models are similar due to similarities in the internal temperature structure. Given that 3D
models are also computationally intensive, this study considers one dimensional modeling to
be sufficient. Similarly, the justification for LTE modeling can be supported by Bergemann
et al. (2012), who found that in 1D hydrostatic models the non-LTE effects resulted in no
more than 0.1 dex difference for stars with [Fe/H]>-3.5 dex. Additional biases can be
avoided by determining abundances using high excitation FeI lines exclusively, which is
employed in this study.
2.1.2 Linelist
As shown in the example of the weak-line approximation (but generally holds true), there
are several terms which require atomic information and can change the equivalent width
of a spectral line in the same fashion as the abundance. In order to accurately determine
the abundance it is therefore imperative to have accurate atomic parameters for each of
the transitions for a variety of elements. Conventionally, lists which contain these atomic
information of transition lines are known as linelists. This study utilized data from the
Vienna Atomic Line Database (VALD, Piskunov et al. 1995; Ryabchikova et al. 2015) ,
which provides a large collection of atomic line information (e.g. gf values, excitation
potential) across a large range of wavelengths. These are collected from the literature which
includes values (especially for gf values) which were either determined from laboratory
experiments, theoretical calculation, or through spectral fitting procedures. It is known,
however, that theoretical values can be the most uncertain due to the complex nature of
the calculations. Another important caveat of VALD is that despite its large collection
of atomic data, it is by no means complete; The atomic data require experimentation or
calculations, but not every element and transition has been measured/calculated. This can
lead to discrepancies in formulating synthetic spectra compared to observations.
The preliminary linelist was selected by choosing all transition lines between wavelength
range of 1.5 to 1.7 microns (H-band) from VALD to fit the wavelength range of the observed
spectra. The linelist was further improved by updating the log gf values of 78 FeI lines with
results from Rhodin (2015), which determined the log gf values through fitting of synthetic
spectra to observed spectra of the Sun and Arcturus. These iron lines were determined to
be blend-free absorption lines (i.e. no contamination with other absorption lines of similar
wavelength) which should provide accurate abundances and were chosen to be used in the
analysis. Due to the low effective temperature of the sample stars (K-M giants), molecular
linelists for CO (Goorvitch 1994), OH (Brooke et al. 2016), and CN (Sneden et al. 2014)
were also included. Molecular lines are important in analyzing cool stars as the relatively
low temperatures can lead to many molecular features/lines within the observed spectra.
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2.1.3 Stellar Parameters
The initial values of stellar parameters required in the spectral analyses will be taken from
the respective studies. This includes the effective temperature, surface gravity, metallicity,
microturbulence, and the abundances of carbon, oxygen, and nitrogen (to fit molecular
features). The macroturbulence parameter is due to large-scale motions which broaden
the lines. At the resolution of the spectra in this study the broadening is mainly due to
the spectrometer’s resolution and hence the instrumental profile. As such the broaden-
ing contributions from various sources, including microturbulence, cannot be disentangled.
Therefore, the total Gaussian broadening needed to broaden the synthetic lines was de-
termined as the total macroturbulence parameter and was fitted within SME before the
abundance analysis could begin. An independent method of determining the stellar pa-
rameters was attempted, but proved ineffective (see 4.2)
2.1.4 Abundance Determination
In order for SME to solve for free parameters e.g. metallicity and abundances, three regions
of the observed spectra must be defined:
• Absorption line region (lmask)
• Continuum region (cmask)
• Total region of interest (seg)
lmask is used to define the wavelength region within the spectrum which contains the
absorption line(s) of interest. It denotes the region for which SME will minimise the χ2
criterion by varying the freed parameters in order to fit the synthetic spectrum to the
observed spectrum. cmask is used to denote the wavelength region which is considered the
continuum of the spectrum and denotes the regions where SME will adjust the continua
linearly in the pre-normalised spectra. Based on the cmask, SME will normalize the ob-
served spectrum to the synthetic spectrum by setting a common continuum. Finally, seg is
the total wavelength region where SME should create synthetic spectra for, which should
cover both the cmask and lmask. Together with inputs on the model atmosphere, the
linelists, and the stellar parameters, SME can compute the resultant synthetic spectrum
for the star.
In terms of the fitting procedure, SME utilizes the chi-squared test as a measure of the
goodness-of-fit between a observed spectrum and a synthetic spectrum. In order to deter-
mine the best fit SME incorporates the Marquardt χ2 minimization algorithm (Marquardt
1963), which varies the freed parameter(s) in small increments to change the synthetic
spectra and calculates the resultant χ2. This is iterated until convergence and the corre-
sponding parameters are returned.
In order to determine the metallicities of stars through a line by line method, the
stellar parameters must be changed for each star whereas the lmask, cmask and seg must
be change for each iron line within the star. It quickly becomes apparent that manually
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changing these inputs, as was initially intended for the project, would be astronomically
inefficient, given there are 78 iron lines and over 60 inner Galactic Bulge stars. As a result
the author proposed the idea to utilise the high resolution, high SNR spectra from the
benchmark stars to create a ”master list” of lmasks (i.e. an lmask for each iron line) as
well as a list of several cmasks between each iron line. Both lists were improved with each
subsequent analysis, with bad lmasks/cmasks updated or discarded (see 2.2.1). With this,
a set of Python scripts was developed by the author which would:
(a) Split the lists of lmasks and cmasks into individual files i.e. every entry in the
lmasks list will be created in separate lmask file and would generate a corresponding
cmask file. To create the cmask file the script selects two entries from the cmasks
list which are closest to the lmask, with one on either side of the lmask. It also
automatically generate a seg file based on the selected cmasks by applying an offset
in wavelength.
(b) Interpret the SME output file from each iron line (default output format from SME
is IDL SAV file) and extract the results: plot both the observed spectrum and the
synthetic spectrum as a pdf file for ease of inspection of fit; collate the determined
metallicities from each iron line to calculate the mean, median and corresponding
standard errors.
These scripts were then incorporated into a final wrapper which iterates through a list
of stars and automatically inputs the corresponding stellar parameters into SME. From
there it initiates the SME analyses of individual iron lines as a batch process which takes
advantage of multi-core CPUs to reduce computation duration. Although this analysis
procedure was designed to determine metallicity, the master lmask list can be changed to
contain lines which are sensitive to any other parameter or element for which SME could
solve for. Indeed, the macroturbulence parameter was determined for the stellar samples
by selecting a set of suitable absorption lines as the master lmask and allowing SME to
solve for the macroturbulence. The median value was calculated and input into SME for
the metallicity analyses.
2.2 Stellar Samples
2.2.1 Benchmark Stars
In order to test and calibrate the method employed in this study, two extensively studied
stars (Sun and Arcturus) and a sample of high Signal to Noise (SNR) stars from the
APOGEE survey were selected as benchmarks. This provides an opportunity to test the
iron linelist from Rhodin (2015) which will be used to determine the metallicity of the
Galactic centre sample.
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Figure 2.1: An example of the line fitting procedure using a spectrum of the Sun. The
cyan regions highlight the cmask whilst the yellow region highlights the lmask. The black
vertical line pinpoints the wavelength of the iron line.
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Figure 2.2: An example of the same iron line as in Figure 2.1 fitted in Arcturus.
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Star Teff log g [Fe/H]
Sun 5777 4.44 0.0
Arcturus 4286 1.66 -0.52
Table 2.1: The values for the stellar parameter of the benchmark stars.
Sun & Arcturus
As one of the most extensively studied stars, the Sun has been used as a benchmark star for
spectroscopic studies for several decades. With reliable literature values for its metallicity
(Asplund et al. 2009), it is a good initial test for the selected iron lines. Although the Sun
is relatively different to the inner Galactic Bulge sample in terms of stellar parameters, it is
one of the few star for which very high resolution and SNR in the H-band exists. Another
such star is Arcturus, which more closely resembles the inner Galactic Bulge sample. Both
spectra were in high resolution (> 50000) and in the H-band (1.5-1.7µm). Table 2.1 gives
the values of the stellar parameters used for both benchmark stars.
The iron lines were first utilized individually to determine the metallicity of the Sun.
The spectrum for each line was inspected visually for the final fit as well as the determined
metallicity, with unsatisfactory fits or values investigated further. The majority of these
were due to ”unphysical” features within the selected cmasks (e.g. cosmic hits and resid-
uals from telluric subtraction) which caused discrepancies in the continuum region of the
synthetic and observed spectra, but were easily fixed. However, a small number of lines did
not produce good fits despite further investigations, and so were discarded. The remaining
lines were then tested on Arcturus, which gave a similar outcome such that a smaller set
of iron lines were discarded.
After preliminary tests it was found that some of the lmasks and cmasks created in the
benchmark spectra needed to be updated. This is due to the large differences in resolution
between the two benchmarks stars and the inner Galactic Bulge sample, which causes
broadening of absorption lines in the lower resolution spectra. In order to update the
various masks, the benchmark spectra were convolved with a Gaussian profile to mimic
the broadening effects at lower resolution. Once more, the iron lines were tested line by
line to determine the metallicity and those which did not return satisfactory values and
fits were discarded. Figures 2.1, 2.2, and 2.3 show the result of typical well fitted synthetic
spectra to observed spectra in the Sun and Arcturus.
APOGEE Test Sample
Although the iron lines were well tested with the two benchmark stars, only Arcturus
was representative in terms of its stellar parameters compared to the inner Galactic Bulge
sample. In order to further test the iron lines, more high quality stellar spectra in the H-
band for K-M giants were required. These requirements lead to the use of spectra from the
APOGEE survey. The test sample was selected based on straight forward conditions on
the effective temperature (3500K < Teff < 4500K), surface gravity (0 < log g < 2.7), and
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Figure 2.3: An example of the same iron line as in Figure 2.2 fitted in Arcturus, but with
a (simulated) lower resolution spectrum.
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Figure 2.4: The stellar parameters of the selected APOGEE test sample, which contains
96 stars with the high SNR. The grey curves are the PARSEC isochrones (Bressan et al.
2012) which are both at 10 Gyrs. The left isochrone is [Fe/H] = −0.5 dex whilst the right
isochrone is [Fe/H] = +0.25 dex.
metallicity (−1.3 < [Fe/H] < 0.3), which ensured the selected stars were representative.
Extra conditions were set based on the APOGEE bitmask flags, which ensured the selected
stars had no warning in its stellar parameters nor SNR. Of this sample, which contained
thousands of stars, the stars were ranked based on SNR and the top one hundred stars
were selected as the test sample. After some preliminary tests, four stars were found to be
problematic and as such were removed so the sample contains 96 stars. Figure 2.4 shows
the stellar parameters of the selected test sample.
The same analysis for metallicity was conducted to test the iron lines further. Lines
which did not fit well were first investigated as to the cause and reran. Those which
gave consistently bad fits were then discarded. As expected, a number of lines had to be
discarded due to blending with molecular lines, which become more prominent in cooler
and more metal rich stars compared to Arcturus. A few lines were also discarded as it was
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Figure 2.5: A typical well fitted iron line within the APOGEE test sample.
not covered within the ”spectral windows” of the inner Galactic Bulge sample (i.e. there
are gaps within the spectra due to the detector set-up). Figure 2.5 gives an example of the
goodness of fit for lines left within the reduced iron linelist.
2.2.2 Inner Galactic Bulge Sample
The inner Galactic Bulge sample consists of the stellar sample from the Schultheis et al.
(2015) and Rich et al. (2012) studies, designated as Schu15 and Rich12 respectively, hence-
forth.
Schu15 Sample
The stellar sample used in this study is based on the sample from Schultheis et al. (2015),
but with (then as yet released) DR13 stellar parameters and abundances from Schultheis
(private communication). The the observed field was centred at (l, b) = (0.173◦,−0.07◦),
which initially contained over three hundred stars. Selection cuts were applied using criteria
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Figure 2.6: The stellar parameters of the Schu15 stellar sample. The same isochrones as
in Figure 2.4.
within the ASPCAP bitmask to ensure well fitted spectra; log g < 3 to avoid foreground
dwarfs; known/possible supergiants or AGB candidates were excluded. The sample in
this study contains 32 stars compared to 33 from the original study, as the star’s surface
gravity was updated in DR13 and was no longer within the selection criteria. The APOGEE
spectral windows cover wavelength regions of 15140 A˚-15810 A˚, 15850 A˚-16440 A˚, 16470 A˚-
16960 A˚, which spans the majority of the H-band. Figure 2.6 shows the stellar parameters
of the sample.
Initially the stellar parameters from ASPCAP were utilised to create synthetic spectra.
No parameters were set free in order to compare the derived parameters from ASPCAP
to the observed spectra. First impressions through visual inspection of the spectra was
positive; in general the synthetic and observed spectra were well matched for the majority
of the absorption lines (see Figure 2.7). As such, the analysis to determine the metallicity
could begin. Figure 2.8 shows a typical fit of an iron line with the Schu15 sample.
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Figure 2.7: The synthetic spectrum constructed using ASPCAP stellar parameters and
abundances of carbon, oxygen and nitrogen. The blue line indicates the synthetic spectrum
whilst the black indicates the observed spectrum. This is in good general agreement with
the observed spectrum.
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Figure 2.8: A typical well fitted iron line within the Schu15 sample, which is used in
determining the stars’ metallicities.
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Rich12 Sample
The Rich et al. (2012) study took observations from two fields centred on (l, b) = (0◦,−1.75◦)
and (1.25◦,−2.65◦), with 15 stars within each field. The observations were taken with the
echelle spectrometer NIRSPEC at the Keck II. The four orders obtained had wavelength re-
gions of 15390A˚-15620A˚, 15710A˚-15940A˚, 16040A˚-16275A˚, 16750A˚-16995A˚. The final spec-
tra was observed at a resolution of 25000 and has a typical SNR≥30. The effective tempera-
tures were initially estimated based on converting the (J−K)0 colours from 2MASS. Surface
gravity was estimated based on the star’s location along the RGB of theoretical evolution-
ary tracks. In summary, the sample had a temperature range of 3200K< Teff <3800K,
surface gravities of log g ≈ 0.5 and a spread of metallicity -0.38< [Fe/H] <-0.03dex.
Initial analysis on the spectra was conducted using stellar parameters and elemental
abundances from Rich et al. (2012), in order to produce synthetic spectra compare to the
observed spectra. The preliminary result from visual inspection showed that on the whole,
the majority of the spectra were dominated by strong (normalised flux of around 0.6 to
0.4 dex) molecular lines, typically CO and OH lines. Although this should be expected
given at lower effective temperatures the ratio of molecular to atomic elements are higher,
the sheer number of molecular lines compared to the Schu15 sample was striking. Another
observation was that many of the absorption lines were not well fitted. In particular, there
were large deviations in the molecular CO bandhead regions, where the lines in all of the
synthetic spectra were too weak compared to the observed spectra(see Figure 2.9). Given
this large discrepancy, it was decided that the molecular features must be well fitted first
before the metallicities could be determined.
The strength of molecular lines are determined in the same manner as atomic lines.
As a general rule the CO lines are dependent on the carbon abundance, the OH lines are
dependent on the oxygen abundance, and CN lines are dependent on the nitrogen abun-
dance (Ryde et al. 2009). In order to determine these elemental abundances, absorption
lines which are relatively weak and sensitive to the respective abundances must be deter-
mined. Sets of synthetic spectra was created, each with the same stellar parameters, but
with the abundances of the C/N/O elements changed to span a range of values in 0.1dex
increments. An additional synthetic spectra was added which omitted CO/OH/CN lines
to check for potential blends. These spectra were overlapped within a plot and visually
inspected. Lines which appear to be sensitive to the element will have very different fluxes
whilst insensitive lines will have similar fluxes. Figure 2.10 shows an example of an OH
absorption line which is sensitive to the oxygen abundance and appears to have minimal
amounts of blending from other absorption lines.
A set of CO, OH, and CN lines were found based on this method, from which the
abundance analyses of C, N, and O was conducted. Overall, the synthetic spectra were
well fitted to the observed spectra, but with one caveat: the abundances determined in this
study were much higher than the reported values. Many of the stars which had reported
carbon abundances of ∼-0.2 dex were determined to be ∼+0.6 dex. The results for nitrogen
and oxygen also reported large changes in abundances. The analysis was conducted for
a number of stars from the Rich12 sample, which were presented to the authors. The
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Figure 2.9: A section for one of the stars from the Rich12 sample. The y-axis is the
normalised flux whilst the x-axis give the wavelength. The blue line shows the synthetic
spectra whilst the black line denotes the observed spectrum. A visual comparison of the
two spectra show a clear discrepancy in the molecular line abundances.
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Figure 2.10: The method used to determine lines sensitive to oxygen abundances. Lines
which are insensitive to the change in abundance overlap, whereas the sensitive lines will
have graduated fluxes.
large discrepancies in the synthetic spectral fit was discussed at length but ultimately no
explanation was found. Further investigation into this issue is planned by these authors,
but it is out of the scope of this thesis to investigate this issue further. However, given the
well fitted nature of the spectra despite the large differences, it was decided to attempt to
determine the metallicity with the determined C, N, and O abundances.
29
Chapter 3
Results
This chapter will present the results of this study. This includes the final iron linelist
determined from the benchmark stars, as well as the metallicities of the inner Galactic
Bulge sample.
3.1 Iron linelist
The original 78 iron lines were thoroughly tested on the benchmark stars, which reduced the
list to 17 iron lines. A final check was conducted to determine if any of the line returned
values which were consistently offset from the median. Figure 3.1 shows the deviation
in metallicities for each of the stars in the APOGEE test sample. The majority of the
lines were within ∼ ±0.2 dex of the median, as expected. However, two lines in particular
appeared problematic due to the large deviation in the determined metallicity to its median
(∼0.4 dex) in many of the stars. Further inspection into the fitted spectra of the two lines
revealed no obvious errors; the lines were well fitted in the vast majority of stars. This
might be caused by an unknown or unaccounted for blend, or possibly non-LTE effects.
However, give that the cause of this consistent offset was not fully understood, both lines
were discarded to avoid any potential offset to the derived metallicity of a star. The final
iron linelist contained 15 iron lines (see Table 3.1).
3.2 APOGEE Test Sample
The metallicity of each star in the APOGEE test sample was determined as part of the
benchmark process. This was achieved through the line by line analysis method, which
leads to multiple values of metallicity for each star. A statistical approach was adopted to
more reliably determine the metallicity of each star. As such, both the median and mean
values, along with associated standard errors, were calculated based on the metallicity of
each line. Table 3.2 presents the determined metallicity of the APOGEE test sample. The
median value is preferred in this study as it is more robust against outliers, but the mean
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Figure 3.1: The difference in determined metallicity from each of the 17 iron lines compared
to the median value across the APOGEE test sample.
Table 3.1: The 15 selected iron lines to determine the metallicity of the stars. The two
iron lines which were used in the APOGEE test sample but removed in the inner Galactic
Bulge sample are marked with asterisks.
λ[A˚] χex[eV] log gf
15239.715 6.419 -0.067
15343.788 5.653 -0.570
15677.521 6.246 0.300
15941.851 6.360 0.060
16115.969 6.390 0.390
16156.560 5.956 -0.360
*16171.933 6.380 -0.440
16174.978 6.380 0.300
*16177.994 6.381 -0.470
16179.585 6.319 0.200
16246.462 6.275 -0.110
16284.772 6.398 0.210
16331.527 5.979 -0.480
16517.226 6.287 0.760
16522.077 6.287 0.000
16551.997 6.411 0.120
16661.382 6.342 0.160
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and standard deviation were included for completeness’ sake. As such, the median value
of metallicities will be used for further analyses and discussions in this study.
Although the APOGEE test sample was originally intended to benchmark iron lines,
an ancillary use for the data was found. Due to the reasonable number of stars within
the APOGEE test sample, it is also possible to test the metallicities of these stars as
determined by APOGEE against those determined from this study. Given there are some
known issues with ASPCAP in DR12, this analysis aims to test the derived metallicities
of stars within the sampled parameter space.
Figures 3.2 and 3.3 show the difference in the determined metallicities from ASPCAP
and this study compared to the median metallicity found in this study. The effective
temperature and surface gravity were also included for each star to check for any system-
atic/biases in the methodology used. Overall, the differences in metallicities were small,
with all but one star within 0.1 dex and 12 stars greater than 0.05 dex difference. Although
the sampled temperature and metallicity range is small, it is reassuring that for cooler and
more metal poor stars ASPCAP returns similar results as in this study.
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Figure 3.2: The difference in metallicities against the median metallicity, as a function of
log g, for the APOGEE test sample. The blue point on the lower left denotes the typical
error of the stars.
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Figure 3.3: The difference in metallicities against the median metallicity, as a function of
Teff , for the APOGEE test sample. The blue point on the lower left denotes the typical
error of the stars.
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Table 3.2: The metallicities of the APOGEE test sam-
ple as determined from DR13 and from this study. The
metallicities were calculated as the median and mean,
along with their respective standard errors.
APOGEE ID Teff [Fe/H]aspcap [Fe/H]mean [Fe/H]sigma SEmean [Fe/H]median SEmedian Nlines
2M00032797+0114040 3881.7 -0.46 -0.47 0.12 0.03 -0.48 0.04 17
2M00074572+5750059 3812.1 -0.26 -0.24 0.16 0.04 -0.25 0.05 17
2M00080678+0057034 4200.4 0.21 0.18 0.25 0.06 0.16 0.08 17
2M00220599+8540038 4462.6 -0.31 -0.30 0.13 0.03 -0.30 0.04 17
2M00241232+6557129 4385.2 -0.06 -0.02 0.17 0.04 -0.06 0.05 17
2M00322172+6259375 3652.4 -0.20 -0.19 0.22 0.05 -0.21 0.06 15
2M00402281+1826221 4113.9 -0.24 -0.23 0.18 0.04 -0.27 0.06 17
2M00572766+8415569 4321.3 -0.10 -0.09 0.17 0.04 -0.10 0.05 17
2M01052912+8349425 3985.3 0.00 -0.01 0.18 0.04 -0.02 0.06 17
2M01253595+8531372 4403.1 -0.16 -0.13 0.13 0.03 -0.16 0.04 17
2M01261357+6247435 3797.9 -0.18 -0.19 0.18 0.04 -0.21 0.05 17
2M01292747+8552276 4058.0 -0.35 -0.38 0.10 0.02 -0.38 0.03 17
2M01531006-0233319 4297.9 -0.26 -0.24 0.13 0.03 -0.26 0.04 17
2M01541472-0229582 4479.9 -0.35 -0.32 0.12 0.03 -0.35 0.04 17
2M02073497+5520582 3928.5 -0.09 -0.06 0.20 0.05 -0.10 0.06 17
2M02093491+6545427 4316.2 0.01 0.05 0.18 0.04 0.02 0.05 17
2M02192150+5508434 4480.4 0.02 0.04 0.18 0.04 0.05 0.05 17
2M03112952+7134488 3694.6 -0.28 -0.27 0.20 0.05 -0.29 0.06 14
2M03260829+7022210 4069.0 -0.05 -0.05 0.15 0.04 -0.08 0.05 17
2M03351495+4607233 4210.1 -0.07 -0.05 0.19 0.05 -0.08 0.06 17
2M04212102+5555369 3833.7 -0.26 -0.25 0.17 0.04 -0.26 0.05 17
2M04473624+4001502 4062.1 -0.01 0.03 0.18 0.04 0.02 0.06 17
2M04510780+3802455 4057.9 -0.19 -0.18 0.14 0.03 -0.15 0.04 17
2M04513714+3930304 4306.6 -0.07 -0.06 0.16 0.04 -0.07 0.05 17
2M05021404+2132500 4345.7 0.03 0.05 0.20 0.05 0.03 0.06 17
2M05145848+3849059 4026.4 -0.36 -0.34 0.13 0.03 -0.37 0.04 17
2M05363020+2342362 4464.7 -1.12 -1.08 0.08 0.02 -1.08 0.02 15
2M05371685+4605093 3862.7 -0.36 -0.35 0.15 0.04 -0.37 0.05 16
2M05394915+4614078 4364.9 -0.09 -0.06 0.16 0.04 -0.08 0.05 17
2M05410965+2852415 3931.4 -0.24 -0.21 0.14 0.03 -0.24 0.04 17
2M05474035+3418171 4106.3 0.05 0.05 0.25 0.06 0.03 0.08 17
2M05574971+3128077 4217.6 -0.01 -0.01 0.18 0.04 -0.05 0.06 17
2M06050709+2412578 3821.3 -0.05 -0.02 0.21 0.05 -0.04 0.06 16
2M06054708+2434557 3671.4 -0.11 -0.14 0.23 0.06 -0.17 0.07 15
2M06070014+1111160 3985.7 -0.15 -0.09 0.18 0.04 -0.10 0.06 17
2M06094032+1107365 3958.3 -0.47 -0.44 0.13 0.03 -0.44 0.04 16
2M06164460+4230331 3935.9 -0.35 -0.31 0.14 0.03 -0.32 0.04 17
2M06175158+1645497 3662.9 -0.44 -0.45 0.17 0.04 -0.47 0.05 15
2M06264586+1758175 4414.9 -0.22 -0.20 0.12 0.03 -0.23 0.04 17
2M06274250+2112202 4008.6 0.16 0.13 0.25 0.06 0.13 0.08 17
2M06342465+0449296 4441.9 -0.20 -0.17 0.12 0.03 -0.17 0.04 17
2M06365419+0539484 4469.8 -0.39 -0.34 0.09 0.02 -0.34 0.03 17
2M06464791+0301077 3929.2 -0.04 0.00 0.19 0.05 -0.02 0.06 17
2M06491881-2339229 4125.3 -0.18 -0.17 0.14 0.03 -0.19 0.04 17
2M06501321-2450058 4396.6 0.02 0.03 0.16 0.04 0.01 0.05 17
2M06512732+1617465 4258.5 0.15 0.11 0.18 0.04 0.05 0.05 17
2M07095416+3834105 3912.8 -0.33 -0.29 0.15 0.04 -0.31 0.04 17
2M07115874+0521403 3971.4 -0.40 -0.33 0.13 0.03 -0.36 0.04 17
2M07170049+1509283 4009.3 -0.31 -0.25 0.15 0.04 -0.27 0.04 17
2M07173215+0648308 3681.0 -0.31 -0.35 0.17 0.04 -0.35 0.05 17
2M07191510+0623575 3742.3 -0.21 -0.25 0.20 0.05 -0.27 0.06 15
2M07201361-0510250 4170.5 -0.20 -0.20 0.15 0.04 -0.23 0.05 17
2M07284488+2350207 3848.0 -0.44 -0.42 0.13 0.03 -0.44 0.04 17
2M07314858+3736161 4319.5 -0.13 -0.11 0.15 0.04 -0.14 0.05 17
2M07320790+3804459 4375.7 0.03 0.04 0.17 0.04 0.01 0.05 17
2M07371118+2136379 3785.7 -0.11 -0.14 0.21 0.05 -0.16 0.06 16
2M07380217+3728203 4196.3 0.16 0.13 0.22 0.05 0.12 0.07 17
2M07381217+3636278 4177.0 0.14 0.13 0.22 0.05 0.11 0.07 17
2M07381485+1709117 4153.2 -0.18 -0.19 0.16 0.04 -0.23 0.05 17
2M07391822+3750089 4470.2 -0.40 -0.38 0.11 0.03 -0.39 0.03 17
2M07405819+2024078 3627.9 -0.41 -0.44 0.20 0.05 -0.47 0.06 14
2M07430804+3739550 4161.6 0.02 -0.02 0.20 0.05 -0.02 0.06 17
2M08122399+3205094 4338.2 -0.28 -0.25 0.16 0.04 -0.28 0.05 17
2M08494091+1217243 4467.2 -0.26 -0.22 0.13 0.03 -0.24 0.04 17
2M09375604+5554483 3825.5 -0.47 -0.46 0.15 0.04 -0.48 0.05 15
2M10234164+1658457 4132.4 -0.01 -0.02 0.23 0.06 -0.03 0.07 17
2M11031884-1052000 4391.2 0.04 0.04 0.18 0.04 0.03 0.06 17
2M11430424+2651479 4108.1 0.03 0.00 0.22 0.05 -0.01 0.07 17
2M11524050-1240242 4051.5 -0.25 -0.27 0.13 0.03 -0.29 0.04 17
2M12034327+1739447 4445.9 0.01 0.03 0.20 0.05 0.00 0.06 17
2M12261806-0144177 4436.3 0.23 0.21 0.21 0.05 0.21 0.06 17
2M13043438-0203230 4460.1 0.02 0.05 0.16 0.04 0.02 0.05 17
2M13565980+0211368 4286.3 0.01 0.04 0.19 0.05 0.01 0.06 17
2M14062451+2853085 4183.3 -0.33 -0.31 0.16 0.04 -0.34 0.05 17
2M14544800+3129500 4444.6 -0.03 0.01 0.16 0.04 0.00 0.05 17
2M15053405+2706222 3928.7 0.01 0.00 0.19 0.05 0.01 0.06 17
2M15103833+2546203 4150.4 -0.05 -0.04 0.18 0.04 -0.08 0.06 17
2M16294833-0041287 4317.7 0.07 0.09 0.20 0.05 0.04 0.06 17
2M17113132+6025561 3907.4 -0.06 -0.06 0.16 0.04 -0.07 0.05 17
2M17114117+6005022 4054.9 0.00 -0.02 0.23 0.06 -0.06 0.07 17
2M17135590+4856269 3687.9 -0.03 -0.04 0.24 0.06 -0.07 0.07 15
2M17155581+5930242 4007.6 0.17 0.12 0.27 0.07 0.09 0.08 17
2M18194610+0141368 3839.3 0.18 0.17 0.27 0.07 0.15 0.08 15
2M18462761-0820273 3849.5 -0.39 -0.35 0.15 0.03 -0.36 0.04 15
2M20095383+2006022 3923.9 -0.11 -0.05 0.18 0.04 -0.04 0.06 17
2M20265173+4527386 4209.2 -0.20 -0.16 0.16 0.04 -0.20 0.05 17
2M20321304+5347263 3641.6 -0.42 -0.44 0.19 0.05 -0.45 0.06 14
2M21065859+2812084 4207.6 -0.36 -0.34 0.13 0.03 -0.36 0.04 17
2M21292311+1229076 4115.5 0.08 0.07 0.27 0.07 0.01 0.08 15
2M21304058+4438335 3669.5 -0.17 -0.20 0.20 0.05 -0.22 0.06 15
2M21304325+1220130 3972.3 -0.63 -0.57 0.10 0.02 -0.58 0.03 17
2M21453261+4253140 3837.2 0.07 0.10 0.24 0.06 0.08 0.07 16
2M21541646+6316549 3740.2 -0.40 -0.41 0.17 0.04 -0.44 0.05 15
2M23045605+5608091 3680.5 0.15 0.19 0.25 0.06 0.17 0.08 16
2M23411484+6635337 4052.5 -0.08 -0.07 0.15 0.04 -0.07 0.05 17
2M23565251+5643298 3915.2 -0.43 -0.35 0.15 0.04 -0.35 0.05 17
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3.3 Inner Galactic Bulge Sample
3.3.1 Schu15 Sample
In total 32 stars were analysed with the 15 iron lines from Table 3.1. In general the iron
line were well fitted, but some lines had to be discarded due to spurious features in the
spectra. Due to the vast distances and higher extinction, the Schu15 stars are in general
much lower SNR compared to those in the APOGEE test sample. As a result the number
of lines used to determine the metallicity is in general lower and more sporadic. Table 3.3
presents the result of the spectral analyses on the Schu15 sample.
Figure 3.4 shows the difference in metallicities between ASPCAP and median metal-
licity as a function of the median metallicity. Overall, the difference in metallicities are in
reasonable agreement, with all of the stars returning differences no greater than 0.2dex.
The figure also suggests that for stars with lower metallicities ([Fe/H] < −0.5dex) both
methods returned very similar results, whereas for higher metallicities ([Fe/H] > −0.5dex)
there is a much bigger scatter between the determined metallicities. This can be explained
as the following: in general, at higher metallicities the absorption lines are stronger. This
includes molecular lines (such as CO, OH, and CN) which could become more prominent
in the cmask and/or blend into the lmask and produce an offset. Given the ASPCAP
method utilises the entire spectra, it is likely to be more susceptible to these molecular
features and blends compared to the line by line methodology. A Pearson correlation test
was applied to the sample to check for any systematic correlations (since we do not expect
any). The coefficient was calculated as 0.34 with a p-value of 0.06, which suggests a lack
of a linear trend.
Figure 3.5 shows the metallicity distribution of the sample, which are plotted based
on Kernel Density Estimation (KDE). In practice, KDEs are very similar to histograms;
both methods attempt to estimate the probability density function of a sample. However,
in KDEs kernels are used to represent each point, and areas of overlap represent a higher
density. All the kernels are summed to give the estimated distribution, which tends to be
much smoother. Instead of counting the number of points within a given bin size, KDE
requires a bandwidth for its kernels (analogous to the bin size in histograms). KDEs were
utilised instead of histograms due to the matter of choosing bin sizes and the position
between the breaks. With histograms, the selection of bin sizes is rather arbitrary, but
can influence the results significantly; it is possible to ”fine-tune” the bin sizes to produce
expected results, and hence introduces a possible source of bias. With KDEs, an ”optimal”
bandwidth can be determined based on minimising the AMISE criterion (Asymptotic Mean
Integrated Squared Error), which depends on the bandwidth (see 4.1 for further discussion).
The plots in Figure 3.5 utilised a Gaussian kernel and the Scott bandwidth estimator.
Figure 3.5 shows the KDE plots of the metallicities, as determined by APOGEE DR13
and by the median metallicity found in this study. Both plots clearly show a broad peak at
[Fe/H] ∼ −0.2 dex. The differences in probability density between the two plots suggest
that ASPCAP overestimates the metallicity of more metal rich stars, or conversely the line
by line method underestimate the metallicities. Given that both methodologies would be
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Figure 3.4: The difference in metallicity as a function of the median metallicity found for
the Schu15 sample. The point in the lower left gives the typical error in metallicity.
affected by the stronger molecular features, the line by line method should be less affected
as only a small section of the spectrum is used to determine the metallicities. On the
contrary, ASPCAP utilises almost the entire spectrum to determine metallicities, which
would suffer more from molecular features. At [Fe/H] ∼ −0.8 dex, the APOGEE KDE
appears to show a bump in the distribution, whereas it is much less pronounced in the
median KDE with only a small change in the gradient of the distribution. This difference
in distribution can also be seen in Figure 3.4, where in general the lower metallicity stars
([Fe/H < −0.5]) has lower ASPCAP metallicities compared to their respective median
metallicities. Two of the lower metallicity stars in particular have a difference of ∼ 0.1 dex
in metallicities between ASPCAP and median, which most likely contributed to the lack
of a bump in the median KDE.
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Figure 3.5: The metallicity distribution of the Schu15 sample, utilising metallicities from
ASPCAP as well as the median metallicities, in the form of KDE plots.
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Table 3.3: The metallicities of the Schu15 sample as determined from DR13 and from this study.
APOGEE ID Teff [Fe/H]aspcap [Fe/H]mean [Fe/H]sigma SEmean [Fe/H]median SEmedian Nlines
2M17410375-2847436 4088.2 -0.95 -0.90 0.09 0.02 -0.93 0.03 12
2M17411636-2903150 3648.5 -0.53 -0.56 0.13 0.03 -0.52 0.04 13
2M17411696-2845379 3685.9 0.01 -0.12 0.16 0.04 -0.18 0.05 10
2M17412370-2859132 3749.6 0.04 -0.03 0.19 0.04 -0.05 0.06 12
2M17412974-2855413 3998.3 -1.26 -1.21 0.07 0.02 -1.22 0.02 8
2M17421479-2856074 3947.9 -0.89 -0.80 0.13 0.03 -0.81 0.04 9
2M17423153-2918397 3505.8 -0.36 -0.40 0.21 0.05 -0.38 0.06 11
2M17423260-2821459 4199.6 0.20 0.12 0.17 0.04 0.06 0.05 13
2M17423924-2840140 3640.0 -0.12 -0.12 0.18 0.04 -0.10 0.05 13
2M17424527-2856231 3878.0 -0.48 -0.46 0.11 0.03 -0.50 0.03 14
2M17425855-2811249 3940.4 -0.85 -0.77 0.12 0.03 -0.73 0.04 14
2M17431183-2805302 3774.3 -0.43 -0.39 0.11 0.03 -0.36 0.03 14
2M17431507-2815570 4079.5 -0.91 -0.88 0.10 0.03 -0.88 0.03 11
2M17431951-2900033 3604.9 -0.75 -0.72 0.11 0.03 -0.73 0.03 14
2M17433508-2829317 3982.6 -1.27 -1.23 0.07 0.02 -1.22 0.02 10
2M17434212-2810387 3778.9 -0.27 -0.22 0.08 0.02 -0.23 0.03 13
2M17434549-2819343 4196.8 -0.22 -0.24 0.29 0.07 -0.33 0.09 9
2M17435876-2859101 4670.1 0.05 -0.01 0.19 0.05 0.02 0.06 14
2M17441358-2803383 3725.2 0.03 0.14 0.19 0.05 0.09 0.06 13
2M17443315-2830321 3588.1 0.30 0.37 0.36 0.09 0.35 0.11 12
2M17445978-2804160 3643.7 -0.54 -0.55 0.07 0.02 -0.55 0.02 13
2M17450767-2840324 3784.1 -0.22 -0.21 0.18 0.04 -0.17 0.05 12
2M17451146-2906007 4213.5 0.21 0.08 0.21 0.05 0.04 0.06 13
2M17452445-2810402 3680.9 0.30 0.14 0.21 0.05 0.10 0.06 11
2M17452504-2808295 3988.8 -0.23 -0.11 0.30 0.07 -0.15 0.09 6
2M17454263-2811016 3674.4 -0.39 -0.33 0.08 0.02 -0.37 0.03 11
2M17463266-2837184 3767.8 -0.12 0.02 0.13 0.03 0.02 0.04 8
2M17463316-2925543 3644.5 -0.33 -0.38 0.20 0.05 -0.35 0.06 13
2M17470331-2931348 3696.8 -0.33 -0.34 0.13 0.03 -0.33 0.04 11
2M17471086-2922364 3745.5 -0.13 -0.15 0.14 0.03 -0.18 0.04 12
2M17475070-2830255 4390.6 0.26 0.25 0.13 0.03 0.23 0.04 14
2M17480557-2918376 3890.8 -1.00 -0.96 0.11 0.03 -1.00 0.03 6
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3.3.2 Rich12 Sample
The iron linelist from Table 3.1 was applied to one of the stars in the Rich12 sample as
a preliminary test. Due to the differences in spectral coverage, five of the lines had to be
discarded as they were not within the diffraction orders covered in NIRSPEC. The metal-
licities determined from the remainder of the iron lines were unpromising. The calculated
median metallicity of the star was ∼0.7dex higher than the reported value and there was
a large dispersion in the individual line metallicities (σ ≈0.7) Through visual inspection
many of the iron lines were complete blended with stronger molecular lines, such that the
lmasks merely covered the wings of the molecular lines (see Figure 3.6). Another star was
selected within the sample but returned similar results. Ultimately, the analysis of the
Rich12 sample proved to be too difficult using the methodology developed in this study,
and as such no new metallicities will be presented.
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Figure 3.6: The attempted fit of an iron line for one of the stars in the Rich12 sample. The
molecular features dominate the spectrum, which makes metallicity determination very
problematic.
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Chapter 4
Discussions
This chapter will discuss the results of the metallicity analyses, as well as other relevant
points of interest.
4.1 Inner Bulge Metallicity
Of the 32 stars analysed in this study, the resulting metallicities were overall reasonably
similar (∆[Fe/H] < 0.2 dex). Taking the metallicity distributions as presented in Fig-
ure 3.5, a large spread was found in the metallicity distribution based on the median
metallicities determined in this study. Recent large scale studies (Hayden et al. 2015;
Rojas-Arriagada et al. 2017) of the metallicity distribution functions (MDF) in the Bulge
also reflect the wide distributions seen. In particular, Zoccali et al. (2017) presented the
metallicity distribution of two fields within the inner Bulge (b = −1◦ and b = −2◦). The
distributions were roughly bimodal, centred at ∼ −0.3 dex and ∼ +0.3 dex and the tails of
the distributions extend to ∼ −1.0 dex. Small peaks around ∼ −1.0 were observed which
were attributed to contamination from the Galactic Halo. This is consistent with the me-
dian KDE result, where there was a large wide peak in distribution at ∼ −0.2 dex and
no significant peak in the metal poor end. The metal rich stars ([Fe/H] > +0.2 dex) are
often associated with the Bar or boxy/peanut Bulge, due to secular evolution of the thin
disk.The metal poor stars ([Fe/H] < −0.2 dex) are a relatively new feature in the Galactic
centre, and as such its implications are not clear. However, stars with such metallicities
further out of the Bulge (which may be a different population) can be associated with the
secular evolution of the thick disk, or as an early and rapid dissipative collapse.
In comparison, the results from the Rich et al. (2012) study, and other previous studies
in the inner Bulge (Ramı´rez et al. 2000; Cunha et al. 2007), generally reported a much
narrower metallicity distribution. So why did the stellar samples selected in these studies
not reflect the larger spread seen in more recent studies? Rich et al. (2012) argue that due
to the faster rate at which more metal rich giants evolve to the RGB tip, it is less likely
to detect such M giants based on the small sample selected. The possibility of selection
bias was also considered, although they argue the reasonably lenient selection of the stellar
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2MASS (J − K)0 colour should have included more metal rich stars. In terms of metal
poor stars ([Fe/H] < −0.7 dex), they reasoned the absence of stars below [Fe/H] < −1.0
dex was not surprising, given that such metallicity stars do not tend to become cool M
giants.
Comparing to the original study of Schultheis et al. (2015), which reported a presence
of a metal poor population ([Fe/H] ≤ −1.0 dex) in the Galactic centre, the interpretations
drawn from the results of this study greatly differ. This is due to the differences in the
method used to determine metallicities. In particular, the deviation in metallicity for a
number of stars was found at the metal poor end ([Fe/H] < −0.8 dex) and at the metal
rich end ([Fe/H] > +0.1 dex). The presence of a number of such metal poor stars is
surprising, as many previous studies do not observe it and hence the source of these stars
are uncertain. Given the lack of a metal poor bump ([Fe/H] < −0.8 dex) based on the
median KDE, evidence for the metal poor population is weakened in this study.
Aside from the differences in determined metallicities, another source of difference ap-
pears to be the methods used to estimate the metallicity distribution. The original study
drew the conclusion based on a histogram with relatively narrow bin sizes (0.1 dex). The
KDE metallicity plot in this study had a much wider effective bin size, and as such the
bump at the metal poor end seems to be much less certain. Given that the difference in
metallicities between ASPCAP and the median values determined in this study can be
greater than 0.1 dex, the KDE method (with wider effective bin size) appears to represent
the data more accurately.
An attempt was made to incorporate the errors in metallicity into the KDE plots,
which should at least add more certainty to the validity of the metal poor bump. In
principle, this could be achieved by utilising a different bandwidth for each of the kernels
which reflect the respective errors. The logic is as follows: if the standard errors for the
metallicity was high for a star, its bandwidth should be increased, which results in a short,
wide kernel that would not contribute much to any peak. Conversely, a well determined
metallicity star would have a smaller bandwidth, which would contribute much more to
building up a peak in a distribution. However, it quickly became apparent that it is
very complicated to implement in practice due to the heteroscedasticity of the errors and
would require a significant amount of time to fully implement. As such, error estimation
for KDEs was unfortunately not conducted in this study, but the author recognises this
to be an important tool in interpreting the results. For further reading into this topic,
Feigelson & Babu (2012) and Delaigle & Meister (2008) go into much more detail on
adaptive bandwidth kernel density estimation.
4.2 Stellar Parameters
4.2.1 Teff determination
As mentioned previously in 2.1.3, there were initially plans to determine the effective
temperatures for the inner Galactic Bulge sample independently. This can be achieved
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Figure 4.1: The metallicity from each individual iron line as a function of its excitation
potential. The temperature was varied in increments of 200K from -400K to 400K, centred
at the ASPCAP determined effective temperature.
through plotting the metallicity of each line against their excitation potentials. Regardless
of the excitation potential, which is sensitive to effective temperature, the abundances
must be the same for all lines in a star. Therefore by varying the temperature such that
there is no gradient in the plot, a good estimate of the effective temperature can be found.
The iron lines from Table 3.1 were utilised on four stars from the APOGEE test sample
with varying temperatures: the ASPCAP effective temperature and variations around this
temperature with ±200K and ±400K. Figure 4.1 shows the results of the test for one of
the stars. Unfortunately the iron linelist has a very small spread in excitation potential,
with all but three lines having excitation potentials between 6.2 to 6.4eV. This range in
excitation potential is far too small to accurately determine effective temperature (ideally
a range of a few eV), and, as such, was not pursued further.
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Star ∆[Fe/H]
2M17412370-2859132 -0.035
2M17412974-2855413 -0.012
2M17424527-2856231 0.003
2M17431507-2815570 0.019
2M17475070-2830255 0.021
Table 4.1: The metallicities determined for the same star using different initial values for
its metallicity.
4.2.2 Initial Conditions
The abundance determination process in SME utilises χ2 as a goodness of fit criterion,
which must be minimised. A test was conducted to assess the dependence of the initial value
of the metallicities to the final determined metallicities. Five of the stars from the Schu15
sample was taken across a range of metallicities and the initial values of metallicity was
altered by 0.5 dex. Table 4.1 shows the results from the analysis. Overall, the determined
metallicities were very similar, with no stars exceeding 0.04 dex in difference. As such, the
use of ASPCAP metallicities as initial values is unlikely to bias the results.
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Conclusions
5.1 Summary
The aim of this study was to contribute to the current debate of the metallicity distribution
in the inner Galactic Bulge (b < 4◦).
The metallicity distribution is an important outcome of different formation scenarios
of the Bulge. The thin and thick Disks, the Bar, and perhaps an early classical Bulge,
all result in difference distributions. The relative importance of these populations will
result in different metallicity distributions. Many previous studies, most notably by Rich
et al. (2012), reported a narrow distribution in metallicities. However, more recently
Schultheis et al. (2015) utilised data from the large scale APOGEE survey and reported
a significantly larger dispersion in the metallicity distribution, as well as the presence of
a metal poor population. Given there are known issues with the automated APOGEE
pipeline(ASPCAP), particularly for cool giants, it is worthwhile to investigate the results
further. To test the reported metallicities, this study utilised the well established, but
labour intensive method of benchmarked, line by line spectral analysis. A list of iron
lines were thoroughly tested through benchmark stars including the Sun, Arcturus, and
96 high SNR spectra of cool giants from APOGEE, which yielded 15 iron lines which
were blend free and sensitive to the metallicity of stars. The stellar samples from the two
aforementioned studies were analysed based on these iron lines and the metallicities were
taken as the median value from these lines.
Preliminary tests for the Rich12 sample showed large discrepancies in the synthetic
spectra compared to observed spectra, using reported values. Great effort was dedicated
to determine the cause of this discrepancy, including in depth discussions with the au-
thors. However, the cause of this discrepancy remains unclear and as such, no reasonable
metallicities could be determined for the sample.
It was found that for the Schu15 sample, the metallicities determined in this study were
overall similar to the ASPCAP DR13 metallicities. The maximum difference in metallicity
was within ∼ 0.2 dex, with many stars well within this limit. However, the metallicity
distributions presented different results. Figure 3.5 showed that both metallicity distri-
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butions had a main peak at ∼ −0.2 dex which dominated the distributions. However, at
∼ −0.8 dex in metallicity, the ASPCAP metallicities presented a small bump whilst it is
absent in the median metallicities. This discrepancy is due to the method in determining
metallicity. Ultimately, given the small sample size and the exclusion of reasonable errors
in the plot, this study concludes it does not find decisive evidence for a distinct metal poor
population based on the Schu15 sample. To conclude, more observations into the stars
within the inner Bulge and Galactic centre are needed in order to put the results of this
thesis, and other similar studies, into context with the remainder of the Bulge.
5.2 Further Work
As a first priority, the cause of the discrepancy in the Rich12 sample must be understood,
given that the study is frequently cited as a source for a lack of metallicity gradient in
the inner Galactic Bulge. Another issue to resolve is the implementation of an adaptive
bandwidth kernel density estimator which can handle heteroscedastic errors. The inclusion
of errors within Figure 3.5 could provide more certainty as to the significance level of the
metal poor bump. Moreover, the ability to determine the optimal bandwidth would surely
see a greater use in KDE compared to histograms, which can be used across a number
of problems within astronomy. Finally, a method which could independently determine
the effective temperatures and surface gravities using near infrared spectra would further
validate the analysis. Admittedly this also requires significant advances in atomic data
as there is still a lack of accurate log gf values for many absorption lines. Nevertheless,
advancements in technology and the start of large scale surveys will no doubt shed light
on the stellar populations in the inner most part of our Galaxy.
In order to fully understand the formation scenario of the Bulge, more galactic chemical
evolution models are required to reproduce the MDF and its variation of the Bulge. This
is crucial to understanding the relative contribution of different populations in the context
of Bulge formation. To complement these models, more abundance data of the stars from
the inner Galactic Bulge are required. Fortunately, many studies are already utilising
multi-field observations to gather significant amounts of data, with more sophisticated
spectrometer under construction to sample thousands of stars simultaneously. Further
investigations into other abundances, such as the alpha elements, are imperative. The
alpha elements are crucial for determining the SFR and IMF of stellar populations, which
will no doubt provide further insight into the formation mechanisms of the Galactic Bulge.
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